I. INTRODUCTION
Semiconductor nanocrystal (NC) has been intensively studied in the field of nanomaterials for decades due to the unique electronic and opto-electronic properties. [1] [2] [3] [4] A semiconductor NC solid has a potential application in solution-processed electronic devices, such as a photodetector, field-effect transistor, and solar cell. 5 Carrier transport of the NC solid in electronic devices can be strongly dependent on the interface of semiconductor NCs. For example, tunneling barriers of a NC surface caused by a slight oxidation impede the transport of charge carriers. 6, 7 Various mechanisms of the carrier transport through NCs have been proposed: for example, variable range hopping, 8, 9 Fowler-Nordheim tunneling, 10 and Poole-Frenkel emission. 11, 12 Traditionally, these analyses are based on carrier dynamics in energy band diagrams.
Impedance spectroscopy has been recently used to find an equivalent electrical circuit of nanomaterial devices. [13] [14] [15] [16] Sugiyama et al. suggested an application of impedance spectroscopy to Cu(In, Ga)Se 2 -based solar cells because an equivalent circuit can be affected by defects around material interfaces. 16 Huh et al. evaluated a Schottky contact between a SnO 2 nanowire and a metal electrode by using equivalent electrical circuit. 13 However, limited research articles have shown an impedance analysis on NC solids. 12, 17 In addition, correspondence of an equivalent electrical circuit to an energy band diagram on a NC solid has not been shown. For example, it is not clear how to treat tunneling barriers inside a NC solid as a capacitance quantitatively. It is meaningful to understand the correspondence by using impedance spectroscopy in order to design electronic devices based on NC solids.
In this article, we analyze electrical properties of NC solids by using both an energy band diagram and an equivalent circuit. We form a flat solid by using a completely dispersed NC colloid and investigate the current transport by using these two viewpoints. An energy band diagram of the NC solid is discussed by analyzing DC-voltage characteristics and a photocurrent generation of NC solids. Impedance spectroscopy is carried out to express the NC solid as an equivalent circuit. We discuss the validity of an estimated equivalent circuit.
II. EXPERIMENTAL
Among various elements of semiconductor NCs, silicon (Si) NCs are recently investigated intensively because of the high compatibility to the complementary metal-oxide semiconductor (CMOS) technology. 9, [18] [19] [20] [21] [22] We have recently developed a colloidal Si NC having heavily boron (B) and phosphorus (P) codoped shells. [23] [24] [25] [26] [27] [28] The codoped Si NC is dispersible in polar solvents without organic ligands because of a negative electrostatic potential induced on the surface. 23 NC solids made from the colloids have very high flatness in a wide range, allowing us to study the transport properties in detail. 29 Colloidal B and P codoped Si NCs were prepared using a co-sputtering method described in our previous papers. [23] [24] [25] Si-rich borophosphosilicate films were deposited on a stainless steel plate by co-sputtering Si, SiO 2 , B 2 O 3 , and P 2 O 5 . After removal from the stainless steel plate, the films were annealed in a N 2 atmosphere at 1200 C for 30 min. Codoped Si NCs were grown in the films by annealing. Then, the films were mixed with hydrofluoric acid (46 wt. %) to etch SiO 2 a) Authors to whom correspondence should be addressed. Electronic addresses: kano@eedept.kobe-u.ac.jp and fujii@eedept.kobe-u.ac.jp matrices and extract the Si NCs. The Si NCs were centrifuged and transferred into methanol. Concentration of colloidal Si NCs was 0.4-0.5 mg/ml. The surface of Si NCs was slowly oxidized during storage in methanol. The thickness of the surface oxides is estimated to be 1 nm at most. 26 Figure 1(a) shows a photograph of finished colloidal Si-NC solution. Clear solution without any agglomerates can be obtained because the Si NC in the solution is well dispersed. This dispersion is important to fabricate a flat NC solid on a substrate. Figure 1(b) shows a transmission electron microscopy (TEM) image of codoped Si NCs annealed at 1200
C. An average diameter of NCs is estimated to be D ¼ 7 nm in our previous report. 24 A fabrication method of a Si-NC solid is as follows. Colloidal Si-NC solution was spin-coated on an indium-tinoxide (ITO, 90 nm)/glass substrate, which was cleaned up by ultrasonication with alcohol and UV/O 3 treatments. The thickness of the spin-coated solids was measured by a stylus profiler (DektakXT, BRUKER Corporation) and was 50 nm.
, thickness t ¼ 100 nm) were thermally deposited on the solid. It is noted that the Si-NC solids were not intentionally etched and sintered prior to the Al deposition, and thus the Si NCs do not coalesce each other. Topography and local conductivity of the solids were obtained by a conductive atomic force microscopy (AFM) using a rhodium (Rh)-coated cantilever at ambient condition (HITACHI High-Tech Science, E-sweep). Topographic and conductive images of the solids were visualized by using Gwyddion. 30 Figure 1(c) shows a schematic illustration of a device structure under investigation. Current-voltage characteristics were taken by a source measure unit (Keithley, 236) at ambient condition. The accuracy of DC measurement was 0.3%. Photocurrent was obtained by illuminating the sample with a 405-nm semiconductor laser module. The illuminated area was approximately 2-3 mm in diameter. Impedance spectroscopy was carried out by using LCR meter (NF Corporation, ZM2376). Frequency of AC voltage was changed from 1 Hz to 1 MHz. An AC voltage was constant at 10 mV through all measurements. The accuracy of impedance was estimated to be several tens of % at most, which is good enough to evaluate the equivalent circuit.
III. RESULTS AND DISCUSSION
Figure 2(a) shows a linear plot of a current-voltage characteristic of a device in Fig. 1(c) . In a lower voltage region (À1.0 < V < 0 V), a current is proportional to a bias voltage. Since a very thin oxide layer surrounding NCs works as a tunneling barrier, this current can be attributed to a tunneling phenomenon. It is known that a tunneling current through a thin insulator is linearly proportional to a bias voltage in a small voltage region. 31 In a higher voltage region (V < À1.0 V), a current increases rapidly. 
Because a straight line can be well fitted in jVj > 1.0 V of Fig. 2(b) , we clearly see a Fowler-Nordheim tunneling process contributes to the current transport in this region. The electric field in the tunneling barrier between Si NCs is 1 MV/cm at jVj ¼ 1.5 V if an applied voltage is divided in every Si-NC shells (shell thickness $1 nm (Ref. 27)) equally. This high electric field can be attributed to the FowlerNordheim tunneling regime. Figure 3 (a) shows a current response of a Si-NC solid under light irradiation (k ¼ 405 nm, 3.3 mW) as a function of time. Conductance of NC solids increases under the illumination because an electron and hole pair is generated inside the Si NC. The increment of the conductivity by a light irradiation is much weaker at longer wavelength (786 nm) due to smaller absorption of Si-NCs ( Figure S1 ). A time constant of the device in this measurement is estimated to be about 3 s ( Figure S2 ). The validity of the time constant will be discussed later. Figure 3 (b) shows current-voltage characteristics as a function of light intensity. In general, photocurrent I ph increases with light intensity F following a power law as I ph / F c . 7 Here, I ph is the difference between a current measured under illumination and a dark current. Figure 3 Fig. 4(a) can be obtained. We can see a lower topographic area gives higher conductance, which is a similar tendency of a polycrystalline NiO insulator. 35 In addition, a small current less than 10 pA is observed on the top of a Si NC solid in Fig. 4(d) although V ¼ À10 V is applied. This image indicates that the intensity of current decays exponentially as increasing the thickness of a solid (I / expðÀadÞ, where a is a decay constant and d is the thickness). This tendency supports that a tunneling transport is dominant through the Si-NC solid.
In spectra. 28 The small value of the band gap ($1.0 eV) is due to heavy doping of B and P in Si NCs. 24 When no voltage is applied (V ¼ 0 V, Fig. 5(a) ), an offset voltage appears corresponding to the difference of work function between Al and ITO. This offset voltage is expected to be 0.6 eV; however, only 0.2 V of the offset voltage is observed in Fig. 2(a) . This difference is probably attributed to the trapped charge in interface states between NC solids and metal electrodes.
When jVj < 1.0 V (low voltage regime, Fig. 5(c) ), carriers in metal are injected via simple tunneling process through tunneling barriers of codoped Si-NC shells. As jVj > 1.0 V (high voltage regime, Fig. 5(d) ), the FowlerNordheim tunneling starts to appear through a conduction band of the tunneling barrier. A higher voltage enhances a mean free path of carriers, and thus, the carriers irradiated by photon flux move more efficiently.
Here, we show an impedance spectroscopy of a Si-NC solid. We discuss a relationship between the band diagram in Fig. 5(a) and an equivalent circuit of the structure. Figure 6 (a) shows complex-plane impedance plots of a device in Fig. 1(c) in ambient condition. Filled square and filled circle express experimental and theoretically simulated results, respectively. The inclined experimental curve indicates that a NC solid consists of both capacitance and resistance components, as shown in a previous report. 36 Here, we fit a theoretical impedance plot using an electrical circuit model in Fig. 6(b) : parallel resistor-capacitors 1-3 in series corresponding to ITO/NC, NC/NC, and NC/Al interfaces, respectively (Fig. 6(c) ). In this model, we consider a NC solid as a continuum insulator, and then resistor-capacitor networks are combined into a single parallel resistorcapacitor model.
Impedance of the circuit in Fig. 6 (b) is described as follows:
where x is an angular frequency, and R j and C j are resistance and capacitance of jth junction (j ¼ 1, 2, and 3). Evaluated parameters from Fig. 6 (a) are shown in Table I . The value of R 2 is more than a hundred times larger than those of R 1 and R 3 . This is due to serially connected 5-7 tunneling barriers between Si NCs as shown in Fig. 6(c) . This result indicates that tunneling barriers exist in a Si-NC solid. The values of resistance R 1 and R 3 might be related to difference of Fermi levels between a NC solid and metals.
It is noted that the experimental difference between C 1 and C 3 is possibly attributed to the morphology of electrode/ NC junctions. In case of an Al/Si NC junction, the Al electrode covers the surface of NCs because of the thermal evaporation process as shown in Fig. 6(c) . In contrast, the ITO electrode under Si NCs ideally contacts on the top of NCs since the NCs are just spin-coated. The capacitance value of C 3 can be slightly larger than that of C 1 , and we assign the Al electrode to the larger capacitance junction (J 3 ) in Fig. 6(c) .
Capacitances C 1 and C 3 between the NC solid and the metals are evaluated by using a mutual capacitance between a Si NC in 7-nm diameter and a metal. Mutual capacitance between a single sphere and an infinite conductive plane can be evaluated as
where r is a radius of a sphere, is a dielectric constant of a medium, a is defined to be acosh(d/r), and d is a distance between the center of a sphere and the surface of a conductive plane, respectively ( Figure S3(a) ). 37 Combined capacitance of all NCs against a metal is estimated to be 91 nF at maximum, which is 1.1-1.7 times larger than the experimental C 1 and C 3 (the detailed calculation is shown in the supplementary material). 38 In our previous study, an experimental fill factor of drop-coated NC solids was 35%. 27 This difference between experimental and theoretical results of C 1 and C 3 is in an acceptable range.
Capacitance C 2 inside the NC solid is evaluated by using a mutual capacitance between two Si NCs in 7-nm diameter. Mutual capacitance between two spheres in a radius r can be expressed as,
where b is defined to be acosh(d 0 /2r), and d 0 is a distance between the center of each sphere ( Figure S3(b) ). 37, 39, 40 Combined capacitance inside the solid is 4.0 nF (the detailed calculation is shown in the supplementary material). 38 This value is smaller than the experimental C 2 , but still within an acceptable range by considering the crudeness of the model.
We also show that the impedance plot is not dependent on a DC bias voltage and 405-nm light irradiation in Figs. S4(a) and S4(b). 38 All of the fitted parameters and evaluated time constant Fig. 1(c) . (c) Definition of each junction J i (i ¼ 1, 2, and 3) in a schematic model. TABLE I. Equivalent circuit parameters of an Al/Si-NC solid/ITO layered structure in Fig. 6(a) .
Interface of ITO/Si-NC solid (J 1 )
A Si-NC solid (J 2 ) Interface of Si-NC solid/Al (J 3 )
141 kX 54.6 nF 101 MX 13.4 nF 890 kX 79.8 nF 3 s, which clearly corresponds to the decay constant of the photocurrent in Fig. 3(a) . These results imply that most of V DC are applied to a Si-NC solid due to its high resistivity, which dominates the carrier transport. As shown above, the equivalent circuit obtained by impedance spectroscopy easily provides us the similar information about a NC solid in DC transport analysis.
IV. CONCLUSIONS
In conclusion, we analyze the electrical properties of NC solids by using both an energy band diagram and an equivalent circuit. DC transport of a NC solid indicates that charge carriers are tunneling through tunneling barriers in the solid. Photocurrent generation is enhanced by applying a higher electric field because of the Fowler-Nordheim tunneling process. Conductive AFM images of a NC solid show that a current through the solid is strongly dependent on the thickness, which also indicates the tunneling transport. Impedance spectroscopy reveals the equivalent circuit of NC solids between ITO and Al. It is a three series of parallel resistor-capacitors corresponding to ITO/NC, NC/NC, and NC/Al. The obtained circuit parameters are explained by a simple structural model. As a result, impedance spectroscopy can be a useful technique to analyze semiconductor NC solids as well as usual DC transport. The combined analysis of the energy band diagram and the equivalent circuit will be indispensable to obtain information necessary to implement NC solids into actual electronic devices.
